Background
==========

Plants, insects, and other organisms have co-existed for more than three hundred million years. During this time, plants have been under a continuous selection pressure from predators and numerous environmental factors. Due to their lack of mobility, plants must rely on both physical and chemical defense mechanisms such as producing various toxic metabolites to survive the predatory attacks of other organisms such as insects, bacteria, and fungi, and to adequately compete with other plant species for light and nutritional resources. The defense chemicals or secondary metabolites of plants can serve several types of functions. They can be insecticidal \[[@B1]-[@B4]\], or antimicrobial to bacteria, fungi and viruses \[[@B5]-[@B8]\]; some are also herbicidal \[[@B9],[@B10]\], and some possess other types of biological activities \[[@B11],[@B12]\]. These beneficial, bioactive chemical substances are found in abundance in plant species. Of the 5--10% of the higher plants which have been phytochemically analyzed, more than 30,000 secondary metabolites have been reported \[[@B13]\].

Due to the public concern over the toxicity and environmental impact of conventional synthetic pesticides, exploitation and utilization of naturally occurring products in order to combat harmful agricultural and public health pests have been increasingly the focus of researchers, environmentalists and industry. Because \"natural\" pesticides, or pesticides derived from natural products, support both crop production and the environment by being effective in pest control, less toxic to non-target organisms and biodegradable at the same time, they may be safer than synthetic pesticides. Repeated use of a single synthetic pesticidal ingredient can result in resistance amongst the target populations; whereas, natural products in plant defense mechanisms often consist of a variety of toxins which make adaptation of the predator unfavorable \[[@B13]\].

*Ailanthus altissima* is a plant in the family Simaroubaceae. It grows aggressively in harsh environments where it invades abandoned fields or cracked city sidewalks. The invasive success of *A. altissima,* or Tree of Heaven, can be attributed to its physiological characteristics such as sexual and asexual reproductive behavior \[[@B14],[@B15]\], and to the phytotoxic compounds found in its roots and leaves \[[@B16]-[@B19]\]. Heisey \[[@B15],[@B20]\] found that the water extract of *A. altissima* leaves inhibites the growth of *Lepidium satium* (garden cress), and the activity of the water extract was not affected by further extraction with methylene chloride, but was greatly affected by extraction with methanol. He concluded that the active herbicidal component is hydrophilic and therefore is present in the water solution. *A. altissima* extract has also been reported to have insecticidal activities. Secondary compounds of *A. altissima* have been used to control insects such as *Pieris rape, Platyedra gussypiella,* and aphids \[[@B19]\]. The quassinoids (degraded triterpenes), ailanthone, amarolide, acetyl amarolide, and 2-dihydroxyailanthone, are some of the bioactive products present in *A. altissima* chemical make-up \[[@B21],[@B22]\]. *A. altissima* has also been used medicinally, to treat tumors and amoebic dysentery \[[@B23]\]. Lin *et al.*\[[@B24]\] have identified ailanthone as the principal plant growth inhibitor in *A. altissima* against *Brassica juncea, Eragrostis tef and Lemna minor.*

On the other hand, certain naturally occurring compounds are more bioactive in the light \[[@B10],[@B25]\]. Polyacetylene and thiophene compounds such as *cis*-dehydromatricaria ester and α-terthienyl are two typical examples. These compounds themselves may have no or very low bioactivity, but when light, especially UV-A light, is present they show strongly enhanced bioactivity \[[@B10],[@B25]\].

There are no reports on the growth regulatory effect of the *A. altissima* related compounds or extracts, and the role of light on the effect has not been studied. The primary goal of this project is to reconfirm the observation of the growth inhibitory effect of *A. altissima* under controlled laboratory conditions, and to study the characteristics and the effect of light on the herbicidal and insecticidal activities of the extract.

Results and Discussion
======================

Phytotoxicity of the *Ailanthus altissima* extract
--------------------------------------------------

Although in some reports plant leaves and other parts have been dried and ground before solvent extraction, we chose fresh leaves of *A. altissima* and a polar solvent methanol in the extraction because most of the bioactive components have been reported to be hydrophilic \[[@B15],[@B20]\]. The plant leaves were cut into small pieces, then soaked or blended in the solvent. No significant difference was found between the two extraction methods in total extractables (Table [1](#T1){ref-type="table"}). Data in the right column of Table [1](#T1){ref-type="table"} were used in serial dilutions for the bioassays.

###### 

Solid extractables from *Ailanthus altissima* leaves from two different extraction methods.

               g extractables / 500 g fresh leaves   
  ------------ ------------------------------------- ------
  Fraction A   8.89^\*^                              7.78
  Fraction B   8.46                                  7.26
  Fraction C   0.16                                  0.15

^\*^ average of two replicates.

The crude extract of *A. altissima* leaves showed strong growth inhibition against alfalfa (*Medicago sativa*) under both light and dark conditions. However, the activity of the extract, as expressed in IC~50~ (the concentration that inhibits the growth of the alfalfa radicle by 50%), was about 2--3 fold higher when light was present (Table [2](#T2){ref-type="table"}). The IC~50~ of Fraction A was 12.3 ppm in the light, nearly half of the concentration that was needed for the same inhibition in the dark (Table [2](#T2){ref-type="table"}). The IC~50~ of Fraction B in the light and dark were 63.0 ppm and 108.1 ppm, respectively, significantly less toxic than Fraction A. This indicated that the active components might be extracted into methylene chloride (Fraction C). Fraction B had a different effect on the alfalfa seedlings. At lower concentrations, when incubated in the dark, the radicles of the seedlings were elongated, while the photoactivated growth inhibition seemed to happen at higher concentrations (data not shown). Fraction C, the methylene chloride extract, showed the highest inhibitory effect on the growth of *M. sativa.* The IC~50~\'s were 4.7 ppm and 12.8 ppm when the seedlings were incubated in the light and dark, respectively (Table [2](#T2){ref-type="table"}). The higher activity of Fraction C indicated that the active components might be more soluble in methylene chloride than what was previously reported \[[@B15],[@B20]\]. It was reported that the active components in water extract were not removable by methylene chloride, and that methylene chloride did not alter the phytotoxicity of the aqueous extract, but methanol did \[[@B20]\]. However, in that study, the methylene chloride extract was not tested for its activity \[[@B20]\]. In our study, we found that Fraction C (methylene chloride extract) had a higher activity against both *Lactuca sativa* (data not shown) and *Medicago sativa* (Table [2](#T2){ref-type="table"}). Considering fraction C was only 1.2% of the crude extract (Fraction A), we concluded that the major growth inhibitory compounds were in this fraction (Table [1](#T1){ref-type="table"}).

###### 

The growth inhibitory effect of different extract and fractions of *Ailanthus altissima.*

               Light   Dark                 
  ------------ ------- ------------ ------- -------------
  Fraction A   12.3    8.0--18.8    24.1    18.4--31.6
  Fraction B   63.0    46.2--85.9   108.1   75.9--154.0
  Fraction C   4.7     3.5--6.3     12.8    9.2--18.0

Since methylene chloride extracted the most active ingredients from the methanol/water extract of *A. altissima,* our focus was shifted to Fraction C. Fraction C was further fractionated into C1, C2, C3 and C4 using preparative TLC. Fraction C4, which had the lowest Rf value showed significantly stronger growth and germination inhibition than the other three fractions of higher Rf values (Table [3](#T3){ref-type="table"}). The growth inhibitory effect of C4 was found under both light and dark conditions. The IC~50~\'s of C4 against the radicles of *M. sativa* in the light and dark were 3.2 and 4.2 ppm, respectively (Table [3](#T3){ref-type="table"}). Germination of alfalfa seeds was completely stunted by C4 at 200 ppm. IC~50~\'s of C1, the least hydrophilic fraction, were 71.8 ppm and 98.5 ppm in the light and dark. However, it was interesting to notice that radicles of seeds treated with lower concentrations of fraction C1 grew significantly longer than those in the control, especially when incubated in the dark (Fig. [1](#F1){ref-type="fig"}). C2 had the least phytotoxicity. The IC~50~\'s of C2 were \>200 ppm both in the light and dark. However, C2 had the strongest radicle elongation effect among the 4 fractions. Radicle lengths of alfalfa treated in the dark with C2 at 1.6 and 8 ppm were 13% and 17% longer than those in the control (Fig. [2](#F2){ref-type="fig"}). Fraction C3 also had slight growth stimulating effects at lower concentrations, and some inhibitory effect at higher concentrations. The IC~50~\'s of Fraction C3 were 76.0 ppm in the light and 95.2 ppm in the dark (Table [3](#T3){ref-type="table"}).

![Plant growth regulatory effect of Fraction C1 on alfalfa *Medicago sativa.* (Note the negative inhibition is in fact the enhancement of growth). Error bars are standard deviation of three replicates.](1472-6785-2-1-1){#F1}

![Plant growth regulatory effect of Fraction C2 on alfalfa *Medicago sativa.* (Note the negative inhibition is in fact the enhancement of growth). Error bars are standard deviation of three replicates.](1472-6785-2-1-2){#F2}

###### 

The growth inhibitory effect of different fractions of the methylene chloride extractables extract from *Ailanthus altissima.*

                Light   Dark                  
  ------------- ------- ------------- ------- -------------
  Fraction C1   71.8    48.2--107.0   98.5    80.7--120.3
  Fraction C2   \>200   \-            \>200   \-
  Fraction C3   76.0    50.7--113.9   95.2    78.8--114.9
  Fraction C4   3.2     2.3--4.3      4.2     3.2--5.5

Our results clearly indicated the involvement of chemical factors in the growth inhibitory and stimulating effects of *A. altissima* against other plants such as alfalfa. Other researchers have isolated ailanthone from of *A. altissima* and found it herbicidal toward various weeds \[[@B24]\]. Although we did not isolate the individual chemicals responsible for the growth regulatory effect found with our extract and sub-fractions, it was evident that multiple chemicals were involved. Ailanthone may be one of the principal growth inhibitory components in *A. altissima,* however it may not be the only one. In addition, some chemicals in the extracts of *A. altissima* showed growth enhancement effect. These two totally different effects indicated possible plant growth regulatory effects, namely, enhance the growth at lower concentrations and inhibit the growth at higher concentrations. Our results also agreed to the finding of Lin et al. \[[@B24]\] that light played an important role in the herbicidal activity of ailanthone. We found that, in most cases, the growth inhibitory effect was stronger in the presence of light. The growth regulatory effect of C1 and C2 was similar to α-terthienyl, a well known naturally occurring photosensitizer (Table [3](#T3){ref-type="table"}, Fig. [1](#F1){ref-type="fig"},[2](#F2){ref-type="fig"},[3](#F3){ref-type="fig"}). α-terthienyl showed typical photoactivated inhibition of the growth of *M. sativa* radicles at high concentration and plant growth stimulation effect at low concentration (Fig. [3](#F3){ref-type="fig"}).

![Plant growth regulatory effect of α-terthienyl on alfalfa *Medicago sativa.* (Note the negative inhibition is in fact the enhancement of growth). Error bars are standard deviation of three replicates.](1472-6785-2-1-3){#F3}

Insecticidal activity on mosquito larvae
----------------------------------------

Only Fraction A showed some degree of insecticidal activity against the yellow fever mosquito larvae (*Adedes aegypti*) (Table [4](#T4){ref-type="table"}). The mortalities of the larvae were 100% and 50% after 24 h of exposure to 778 ppm and 195 ppm of Fraction A, respectively. Fraction B and C did not show any toxicity at all concentrations tested. However, compared to α-terthienyl which killed 100% of the mosquito larvae at 0.1 ppm in the light and 1 ppm in the dark (Table [4](#T4){ref-type="table"}), the insecticidal activity of the *Ailanthus* extracts were much less significant than the effect against the growth of plants.

###### 

Insecticidal activity of the extracts of *Ailanthus altissima* against second-instar yellow fever mosquito larvae (*Aedes aegypti*) 24 h post-treatment^\*^.

  Fraction A     Conc. (ppm)     0   49    195         778
  -------------- --------------- --- ----- ----------- -----
                 Mortality (%)   0   0     50          100
  Fraction B     Conc. (ppm)     0   46    182         726
                 Mortality (%)   0   0     0           7
  Fraction C     Conc. (ppm)     0   38    150         778
                 Mortality (%)   0   0     0           0
  α-terthienyl   Conc. (ppm)     0   0.1   1.0^\*\*^   \-
                 Mortality (%)   0   100   100         \-

^\*^Data are the average of three replicates. ^\*\*^ Tested in dark. The others are in the ambient room light.

Conclusion
==========

Although the extracts of *A. altissima* were practically non-toxic to the mosquito, the extracts had strong effects on plant growth in the alfalfa assay. The inhibitory effect on plant growth by the crude extract and some sub-fractions was enhanced by the presence of light. Some fractions showed plant growth regulatory effect against the alfalfa by inhibiting the growth of radicle at higher concentrations and enhancing the growth at lower concentrations. These effects of the extracts of *A. altissima* could lead to a new natural herbicide and plant growth regulators, since these natural products would likely be very biodegradable, thus posing less risk to the environment. Further investigations are needed to isolate the individual chemical(s), and to study their growth inhibitory and enhancing effects.

Materials and Methods
=====================

Extracting bioactive components from plants
-------------------------------------------

Leaves and stems of *A. altissima* were collected from trees less than one year old (July, 1995, Iowa State University Campus, Ames). The leaves were cut to ca. 2.5 cm in length and soaked in certified methanol in a glass container (500 g of fresh leaves in 2750 ml of methanol). This was allowed to sit at room temperature (25°C) for 72 h.

The methanol extract was filtered *in vacuo* through a Buchner funnel (110 mm diameter) and Whatman \#4 filter paper. The filtrate was evaporated using a rotary evaporator at \< 40°C to ca. 150 ml until all the methanol evaporated.

The concentrated extract was diluted up to a volume of 500 ml with distilled water in a volumetric flask. Half of the solution, 250 ml (Fraction A), was employed directly into the bioassays on alfalfa and mosquito larvae. The remaining 250 ml was extracted in a separatory funnel by partitioning with methylene chloride (75 ml three times). The combined methylene chloride portion was passed over anhydrous sodium sulfate to remove traces of water. The remaining aqueous layer was evaporated with a rotary evaporator to get rid of any residual methylene chloride, and re-diluted to 250 ml with water and designated Fraction B. The methylene chloride extract was then evaporated to dryness, and the residue was re-dissolved in 250 ml of acetone (Fraction C). Aliquots of all fractions were freeze-dried or dried using rotary evaporator (acetone solution) to get the total extractables, and the concentrations of all samples were calculated based on the dry weight of extractables.

The methylene chloride extract (Fraction C) was further fractionated into four fractions (C1--C4) of different Rf values using preparative thin layer chromatography (TLC) plates (0.2 mm, POLYGRAM^®^ SIL G/UV~254~, Macherey-Nagel GmbH & Co, Duren, Germany) and a solvent system: acetone:ethyl acetate = 1:4 (v/v). The Rf values for Fraction C1, C2, C3 and C4 were 1--0.76, 0.76--0.50, 0.50--0.29 and 0.29--0.00, respectively.

α-Terthienyl was purchased from Aldrich Chemical Inc. (Milwaukee, WI). This compound was tested as a standard for photoactivated bioactivities. All other solvents used were of certified grade from Fisher Scientific (Pittsburgh, PA).

Bioassays
---------

### 1. Alfalfa seeds test

All extracts or fractions were diluted to 4--5 different concentrations, and tested against the seeds of alfalfa (*Medicago sativa*). Five ml of each of the water solutions were directly transferred into Fisher disposable Petri dishes (9 cm diam.) that were lined with Whatman \#1 filter paper. Distilled water was used as control. For acetone solutions (Fraction C, C1--C4, and α-T), 0.5 ml of each solution was pipetted onto the Whatman \#1 filter paper lined in the Petri dish. After allowing acetone to dry for five min in a fume hood, five ml of distilled water was pipetted into the Petri dish. In the control, the same amount of acetone was used instead.

To each treated dish, 10--30 alfalfa seeds were added, and the dishes were covered with the lids. Three replicates were prepared for each dilution and for both light and dark conditions. The dark condition was created by putting the dishes into a cardboard box which was then covered with aluminum foils. The treated seeds were incubated in a greenhouse (25 ± 1°C, r. h. 100%). Water was added as needed to the light treatments to keep them moist. There was no need to add water to the treatments under the dark condition, because they were moist enough by the time the test was terminated. The treated seeds were allowed to germinate and grow for six days. The lengths of radicles were measured and recorded.

### 2. Mosquito larvae test

The yellow fever mosquito colony (*Aedes aegypti*) was maintained in the Department of Entomology at Iowa State University. The second-instar larvae were used in the assays. Fractions A and B were diluted with water to three different concentrations: 49, 195 and 778 ppm for Fraction A, and 46, 182 and 726 ppm for Fraction B. At least 10 second-instar mosquito larvae were introduced to 10 ml of each concentration in a glass jar covered with a nylon mesh. Distilled water was used in the control. Fraction C was diluted with acetone to 38, 150 and 778 ppm, and α-terthienyl at 0.1 and 1.0 ppm. The acetone solution (100 μl) was added to 10 ml of water in a glass jar, and allowed acetone to evaporate in a fume hood for 15 minutes before introducing the mosquito larvae. Pure acetone was used in the control for fraction C. All jars were then incubated at room temperature (ca. 23 ± 1°C) for 24 h. The live and dead mosquitoes were then recorded.

The percent growth inhibitory effect was calculated as follows:

Inhibition (%) = (L~control~ - L~treatment~)/ L~control~^\*^100

where L~control~ is the radicle length of alfalfa seedlings in the control, and L~treatment~ is the radicle length of alfalfa seedlings treated with extracts or fractions of the extracts. Probit analysis was used to determine IC~50~ and 95% FL according to the methods outlined by Finney \[[@B26]\].
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